Alkaline hydrogen peroxide (AHP) pretreatment was applied to improve methane production from sweet sorghum bagasse under mesophilic conditions. After the pretreatment (solid-to-liquid ratio of 1 : 10, 2% NaOH at 121 C for 60 min and then immersing with 5% (w/v) H 2 O 2 for 24 h at room temperature), pretreated bagasse, the pretreatment effluent and the pretreatment mixture, together with the untreated bagasse, were used as substrates for methane production under the same volatile solid (VS) loading and digestion conditions. The AHP pretreatment resulted in lignin removal and different degrees of methane production. The methane production of bagasse was improved from 262.1 AE 7.3 mL CH 4 per g VS to 330.4 AE 1.3 mL CH 4 per g VS. The pretreatment mixture and pretreatment effluent could be successfully digested and both of the methane productions were higher than the untreated bagasse, although there were degrees of inhibition. In view of the bagasse recovery during the pretreatment, total methane production from separate digestion of pretreated bagasse and pretreatment effluent was 18.6% more than untreated bagasse based on the same mass of dry sweet sorghum bagasse. The kinetic analysis implied that the Cone model showed a better fit to the experimental data of untreated bagasse, pretreated bagasse and pretreatment effluent, and the Fitzhugh model was better to predict the methane production of the pretreatment mixture. AHP pretreatment could increase the methane production rate of sweet sorghum bagasse. These results will provide a reference to the methane production from AHP pretreated sweet sorghum bagasse in industry.
Introduction
Sweet sorghum is a type of non-grain perennial plant and is considered to be an excellent raw material for ethanol production via fermentation due to the abundant fermentable carbohydrates (glucose, fructose, and sucrose) in the juice of the stem. 1 The sweet sorghum bagasse inevitably contains considerable soluble sugar, which can be directly converted to renewable energy aer being squeezed. In addition to the fermentable carbohydrates, there is plentiful cellulose and hemicellulose in the bagasse, which are usually used to produce ethanol or methane aer pretreatment and enzymatic hydrolysis. There is approximately 20% lignin in the bagasse, which will hinder the accessibility of the enzyme to cellulose and hemicellulose. [2] [3] [4] Consequently, pretreatment before hydrolysis is needed to make the carbohydrate susceptible towards enzymatic or bacterial attacks.
Many researchers have summarized the lignocellulose pretreatment methods including physical, chemical and biological pretreatment or combination of these methods.
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Alkaline peroxide hydrogen (AHP) pretreatment was considered to be one of the most efficient methods for removing the majority of lignin while retaining most of the cellulose and hemicellulose.
2,10 AHP pretreatment has potential advantages relating to process simplicity, feedstock handling, capital costs, and compatibility with enzymatic hydrolysis as compared to other pretreatment methods for lignocellulose biomass.
11 Aer pretreatment, sugar recovery and the ethanol yield or methane production of the sweet sorghum bagasse were signicantly improved. 2, 10, 12 In addition, the hydrolysate from AHPpretreated bagasse and by-products from ethanol production could be used to produce biogas via anaerobic digestion.
13,14
However, alkaline pretreatment also have certain drawbacks, such as low recovery rate of biomass and high concentration of salt retention.
10
The pretreated bagasse slurry will divide into two fractions aer AHP pretreatment. The solid fraction can easily be converted to biofuels through hydrolysis and fermentation. The liquid fraction contain salt and soluble organic matter, which may be result of inhibition on digestion because of the high osmotic pressure. 10 It will be toxic for the biogas production if the Na + concentration is as high as 10-11 g Na L À1 . 15 Furthermore, the phenols and carboxylic acids generated from the delignication will also inhibit the biogas production. 16 Posttreatment of the pretreated bagasse through washing will cause soluble sugar losses and cost increase.
17
There have been numerous studies examining the methane production improvement from AHP pretreated bagasse, but biogas production from pretreatment effluent has not been reported as far as we know. The pretreatment effluent is a type of alkaline waste solution that contains an alkali metal ion and phenolic compounds. In fact, there are considerable fermentable substances in the effluent, such as free soluble sugars and organic matters from degradation of cellulose and hemicellulose during pretreatment, which should be utilized. It is meaningful to study the methane production of AHP pretreatment effluent for both environmental and energy related concerns.
The aims of this paper were to (1) evaluate the feasibility of biogas production from sweet sorghum bagasse and the pretreatment effluent, (2) investigate the enhancement effect of AHP pretreatment on biogas production from sweet sorghum bagasse, and (3) compare the kinetic parameters of biogas production using existing models.
Materials and methods

Raw materials and reagents
Sweet sorghum stalks were obtained from Shunan village, Chongming district, Shanghai. The juice and bagasse were separated by squeezing with a laboratory-scale squeezer. The bagasses without washing were dried to constant weight at 45 C before milled and sieved to pass through a 40-mesh sieve (particles smaller than 0.420 mm), sealed in plastic bag, and subsequently stored at 4 C.
AHP pretreatment process
Sweet sorghum bagasse was rst soaked in 2% (w/w) NaOH solution for 5 min with the solid-to-liquid ratio of 1 : 10, and then was autoclaved at 121 C for 60 min. Aer the autoclaved slurry was cooled down to room temperature, 30% H 2 O 2 (w/w) was added to maintain the H 2 O 2 concentration in solution up to 5% (w/w). The slurry was kept darkness for 24 h at room temperature and pressure. The detailed pretreatment process was described in our previous research. 2, 12 Two sets sweet sorghum bagasse samples were pretreated by AHP. One of which was separated by vacuum ltration with a glass microbre lter (4.5-9 mm). The solid fraction and liquid fraction are named pretreated bagasse and pretreatment effluent. The other set was named pretreatment mixture. The effluent and pretreatment mixture were adjusted with approximately 10 mol L À1 HCl solution until reaching a pH of 8.0 AE 0.2 before using.
Untreated bagasse acted as the control. Each assay was duplicated and the results were averaged.
Methane production assays
Batch methane production tests were carried out in duplicate using 500 mL conical asks with an effective volume of 400 mL at 37 AE 0.5 C. The co-digested cow and chicken manure in our lab-reactors was used as inoculum. The pH, total solids (TS) and volatile solids (VS) of the inoculum were 8.16, 3.92 g kg À1 and
2.28 g kg À1 fresh weight. The ratio of inoculum to substrate was 1.5 : 1 (based on VS). The methane production assays with cellulose under the same conditions were set as the positive blanks to evaluate the reliability of the apparatus. The inoculums and substrates were added to conical asks before the headspaces of the bottles were ushed with pure N 2 for 1 min to maintain anaerobic conditions. The prepared bottles were sealed with rubber stoppers immediately. All digesters were manually shaken for about 10 seconds every day. The daily biogas production was determined by displacement of water. The accumulative biogas production was calculated by subtracting the control. The methane production was recalculated into standard volume at standard temperature and pressure (273.15 K, 101.325 kPa) aer methane content determination.
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All the analytical tests were duplicated and the results were averaged.
Analytical methods
TS and VS of the bagasse were determined according to the APHA methods. 19 The total phenolic content was determined by the Folin-Ciocalteu reagent method. Gallic acid was used as the standard. 20 The neutral detergent ber (NDF), acid detergent ber (ADF) and acid detergent lignin (ADL) were measured by Van Soest's method, and cellulose and hemicellulose were calculated. 21 The lignin content including acid soluble lignin (ASL) and acid insoluble lignin (AIL) were determined by standard methods (NREL/TP-510-42617 and NREL/TP-510-42618). The methane content in the biogas was tested by gas chromatography (GC, Agilent 7890A). 22 
Calculations
Recovery rate (R r ) of bagasse was expressed by eqn (1),
where R r is the recovery rate expressed as a percentage, W 1 and W 2 are the dry sample masses aer and before AHP pretreatment, respectively. Theoretical methane production of sweet sorghum bagasse was calculated according to elemental analysis results and Buswell's equation mentioned in many literatures.
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The biodegradability was of sweet sorghum bagasse was calculated according to eqn (2).
where B d is the biodegradability expressed as a percentage, P 1 and P 2 are the experimental and theoretical methane production, respectively.
Kinetic models
In this study, Fitzhugh, 26 Cone, 26 Monomolecular 27 and Gompertz 28 models were selected to t the experiment data. The domain for all selected models was t $ 0. Model equations are shown in Table 1 . Model parameters were estimated using the nonlinear least squares tting tool in OriginPro. 29 The models evaluation was based on root mean square prediction error (RMSPE) and Akaike's information criterion (AIC).
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3. Results and discussion
Effect of AHP pretreatment on the main composition of bagasse
The main composition of AHP pretreated bagasse and untreated bagasses were analyzed and the results were shown in Table 2 .
According to Table 2 , the cellulose content was notably increased, while the VS content decreased less than 0.1%. The cellulose content of pretreated bagasse is as high as 72%, which is about 2.4 times more than the control. The hemicellulose was also decreased slightly. The recovery rate in this paper was only 42.77%, which was much less than Cao's research, 12 this could be explained by not washing with sweet sorghum bagasse and pretreatment method. The acid soluble lignin (ASL) decreased approximately 22% and the acid insoluble lignin (AIL) content of bagasse decreased as much as 66%. This nding implies the main effect for lignin removal of AHP to bagasse is AIL removal.
The removal of AIL was benecial to the enzymatic hydrolysis. According to Cao's research, aer being extracted by a squeezer, the bagasse was washed by boiling water three times to remove the free sugar remains in the bagasse to avoid the interference to the latter enzymatic hydrolysis. In this paper, the sugar and other soluble materials was retained in the pretreatment effluent and might result in the relatively low recovery rate. These soluble materials remained in the effluent should be recycled to reduce the pretreatment cost.
The neutral detergent bre (NDF) content of pretreated bagasse was 93.41%, which was almost 2 times more than the control, which illustrated that the major soluble materials, such as sugar, protein and fat were transferred into the effluent because of the pretreatment. This signicant amount of soluble material should be recycled. The results of elemental analysis in Table 2 showed that the AHP pretreatment lead to carbon and nitrogen contents reduction, as well as the increase of hydrogen and oxygen content. As the lignin mainly consisted of benzene rings, carbon was carried away in the form of phenolic compounds during delignication. 
Methane production assays
The daily methane production and cumulative methane production of untreated bagasse, pretreated mixture, pretreated bagasse and pretreatment effluent are shown in Fig. 1 .
According to Fig. 1 , the maximum daily methane production was found in the h day. The maximum daily methane production of untreated bagasse, pretreated mixture, pretreated bagasse and pretreatment effluent were 37.0 mL g À1 VS, 35.3 mL g À1 VS, 66.8 mL g À1 VS and 30.9 mL g À1 VS, respectively. It was obviously that the AHP pretreatment was benecial to increase the maximum methane production. Aer 30 days, the cumulative methane production of untreated bagasse, pretreated mixture, pretreated bagasses and pretreatment effluent were 262.1 mL CH 4 per g VS, 269.9 mL CH 4 per g VS, 330.4 mL CH 4 per g VS and 296.4 mL CH 4 per g VS, respectively. The nal methane production of pretreated bagasse was 26% and 12.8% more than untreated bagasse and the effluent, respectively. It was obvious that the methane production of the sweet sorghum bagasse was improved aer AHP pretreatment based on the same mass of VS loading. Sambusiti et al. 32 also proved that pretreatment with a NaOH solution at 10 g NaOH per 100 g TS dosage, maintained at 55 C for 12 h, can increase methane yield of ensiled sorghum forage up to 324.5 AE 0.7 mL CH 4 per g VS. Antonopoulou 33 reported that thermal treatment could improve the methane yield only from 253 to 288 L CH 4 per kg sorghum. Many studies have demonstrated AHP pretreatment could increase ethanol or methane yield of the bagasse, however, the digestion of pretreatment effluent was rarely studied. In this paper, the methane production of the effluent was higher than untreated bagasse under current conditions. This nding implied the digestion of effluent could not be neglected because considerable clean energy could be obtained from the effluent.
As seen in Fig. 1 , the cumulative methane production curves of the four substrates are sigmoid. The cumulative methane Table 1 The selected models for describing methane production
a Y is methane production (mL CH 4 per g VS), P is methane production potential (mL CH 4 per g VS), k is rate constant (d
À1
), t is digestion time (d), R m is the maximum methane production rate (mL CH 4 per g VS per d), L is length of the lag phase (d), and n is shape factor, dimensionless. productions of all substrates were rst increased slowly and later accelerated until 20 d and then were close to the nal methane production except for pretreatment effluent. As we know, lignin is the key inhibition factor in lignocellulose degradation. Delignication will be benecial to the cellulose and hemicellulose enzymatic hydrolysis and methanogenesis. In our previous research, 2,12 the scanning electron microscope, nuclear magnetic resonance and Fourier transform infrared spectrum analysis of pretreatment bagasse supported that AHP pretreatment was effective for enzymatic hydrolysis enhancement.
The accumulative methane production tendency of pretreatment effluent was similar to the pretreated/untreated bagasses. The accumulative methane production of pretreatment effluent before 16 d was lower than pretreated/untreated bagasse. Aer 16 d, the pretreatment effluent's methane production was higher than that of untreated bagasse but slightly lower than that of pretreated bagasse. Due to the AHP pretreatment, the soluble sugars remain on the bagasse aer extraction, and the carbohydrates generated because of the lignocellulose degradation were transferred to the pretreatment effluent. These carbohydrates could be converted to methane by methanogens under suitable condition. In fact, as seen from Fig. 1 , the accumulative methane production from pretreated mixture was close to the untreated bagasse under the same conditions. However, the effluent took longer time than the mixture to reach the maximum methane production. This nding implies a negative effect of the pretreatment on methane production. Because 2% NaOH was used to pretreat the bagasse, Na + concentration in the effluent was approximately 10.6 g L À1 aer being neutralized with HCl solution.
Even considering the dilution of inoculum, the initial Na High concentrations of salts will decrease cell activity and result in dehydration of bacterial cells due to increase in osmotic pressure, which inhibits the anaerobic digestion process.
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According to Feijoo's research, 35 if Na + concentrations ranged from 3 to 16 g L À1 , it would result in 50% inhibition of methanogenic activity. This nding may explain the low methane production of pretreatment effluent before 16 d. Not only would the saline ions inhibit the digestion, but the phenolic compounds generated from chemical pretreatment will also be toxic for microorganisms. would result in 50% inhibition of specic methanogenic activity at concentrations ranging from 1.6 to 5.0 mM for unadapted granular sludge. 36 It was not difficult to understand the high TPCs was one of the inhibition factors for methane production. Table 3 shows theoretical methane production and biodegradability from four substrates. The theoretical methane production of bagasse was evaluated based on elemental analysis shown in Table 3 according to the Buswell equation.
Theoretical methane production and the biodegradability evaluation
As seen from Table 3 , aer anaerobic digestion for 30 d, the biodegradability of pretreated bagasse is approximate 30% Fig. 1 Daily and cumulative methane production of untreated bagasse, pretreated mixture, pretreated bagasse and pretreatment effluent. higher than untreated bagasse. This nding implies that AHP pretreatment makes sweet sorghum bagasse become more degradable, which is correspond to Sun's research. 22 For pretreatment effluent, the biodegradability was as high as 74.9%, which was considerably higher than the others. The reason may be attributed to the fermentable carbohydrates in effluent. According to Fig. 1 , although the time to maximum cumulative methane production of pretreatment effluent was longer than the others, the nal experimental methane production from pretreatment effluent was close to the theoretical methane production. Although the biodegradability of pretreated mixture was slightly higher than untreated bagasse, there was no signicant difference between untreated bagasse and pretreated mixture in aspects of methane production according to a one way analysis of variance (p ¼ 0.4728 > 0.05).
As we know, although most of the researches reported the enhancement on methane production via AHP pretreatment, there were more or less dry materials losses during the pretreatment. For some sacchariferous lignocellulose such as sugarcane and sweet sorghum bagasse, the soluble carbohydrates originated from the bagasse or generated during the pretreatment were digestible. It is necessary to evaluate the effect of AHP pretreatment on methane production of sweet sorghum bagasse based on the same mass of dry materials when considering the economy evaluation on AHP pretreatment. In this study, the dry materials recovery rate was only 42.77%. According to Table 3 , 25.5 L and 26.3 L methane could be produced based on 100 g untreated dry sweet sorghum bagasse and pretreated mixture, respectively, while 13.8 L and 16.5 L methane could be produced from the pretreated bagasse and pretreatment effluent, respectively. In this case, 18.6% more methane than the control could be produced by AHP pretreatment and digested separately base on the same mass of dry bagasse loading. Consequently, although there are no difference on methane production between untreated bagasse and pretreated mixture, the methane production will be increased when the solid and liquid fraction of pretreatment mixture was digested separately. Anyway, the AHP pretreatment could enhance methane production under the current conditions.
Kinetic models of biogas production
The methane production curves of untreated bagasse, pretreated mixture, pretreated bagasse and pretreatment effluent in this paper resemble sigmoid curve. Methane productions for all variables were tted based on Fitzhugh, Cone, Monomolecular and Gompertz models. The RMSPE values stand for the deviation between predicted and experimental values. AIC was employed based on information technology to compare goodness-of-t of models. The adaptive model will be selected with the minimum RMSPE and AIC value. 37 According to the results of model tests (data not shown), the Cone mode was selected to t the experimental methane production of untreated bagasse, pretreated bagasse and pretreatment effluent, and the Fitzhugh model was suitable for tting the data of pretreated mixture. The parameters estimation of best model is shown in Table 4 .
As shown in Table 4 , the R 2 of these ttings exceed 0.997, which demonstrates good tness between experimental and predicted values. The pretreated bagasse manifested both the highest maximum methane production rate and the highest methane production under the same VS loading, while pretreatment effluent had the lowest methane production rate. This nding also illustrated that AHP pretreatment accelerated the methane production rate. Besides, inhibition effect was shown by the methane production performance from the effluent or the mixture. In this paper, the concentration of sodion is as high as 11.5 g Na + L
À1
, corresponding to NaOH (2% w/v). It is well known that sodium cation at above 8 g L À1 (1.5% w/v) was inhibitory to anaerobic digestion process. [38] [39] [40] In addition, the sugars degradation and lignin disruption during AHP pretreatment may generate soluble phenolic compounds with inhibitory effect on methanogenic microorganisms. 33 In this respect, the decrease in methane yields in this paper could be attributed to a partial inhibition or toxicity of methanogens by high sodium ion and TPCs concentrations. To overcome a possible inhibition, the use of another alkali (such as potassium or calcium) or could be a solution. Because the inhibitory effect of potassium to methanogens was relatively weak and the digestate could be used as fertilizer. The calcium could be removed through sedimentation by bubbled into CO 2 aer pretreatment. The other solution for weakening the inhibition effect from high sodium ion and TPCs concentrations were to reduce the concentration of NaOH solution during pretreatment or increasing the I/S ratio during the digestion.
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The equations for predicting methane productions from different substrates were shown as follows. 
Conclusions
AHP could improve methane production for sweet sorghum bagasse according to the methane production process and kinetic analysis. Methane production from pretreated bagasse was as high as 330.4 AE 1.3 mL CH 4 per g VS, which was 26% higher than the untreated bagasse. The digestion process of pretreatment effluent indicated there was an inhibition effect during methane production, and the biodegradation rate could reach approximately 74.9%. Sweet sorghum bagasse pretreated by AHP could produce 18.6% more methane than could the untreated bagasse, when the solid and the liquid fractions of pretreatment mixture were digested separately to achieve the holistic utilization.
